Abstract Relatively little systematic research has been conducted on the turbulence characteristics of small estuaries. In the present study, detailed measurements were conducted in a small subtropical estuary with a focus on turbulent flux events. Acoustic Doppler velocimeters were installed in the mid-estuary at fixed locations and sampled simultaneously and continuously for 50 h. A turbulent flux event analysis was performed for the entire data sets extending the technique of Narasimha et al. (Phil Trans R Soc Ser A 365:841-858, 2007) to the unsteady open channel flow motion and to turbulent sub-events. Turbulent bursting events were defined in terms of the instantaneous turbulent flux. The data showed close results for all ADV units. The very-large majority of turbulent events lasted between 0.04 and 0.3 s with an average of 1 to 4 turbulent events observed per second. A number of turbulent bursting events consisted of consecutive turbulent sub-events, with between 1 and 3 sub-events per main event on average. For all ADV systems, the number of events, event duration and event amplitude showed some tidal trends, with basic differences between high-and low-water periods. A comparison between the present estuary data and the atmospheric boundary layer results of Narasimha et al. (Phil Trans R Soc Ser A 365:841-858, 2007) showed a number of similarities and demonstrated the significance of turbulent events in environmental flows. A burstiness index of 0.85 was found for the present data.
Introduction
While fluctuating turbulence is often represented by its statistical moments, turbulence is not a Gaussian process, in particular in Nature. Many conceptual frameworks and theories are based upon assumptions of quasi-steady state equilibrium, but any turbulent flow is often dominated by coherent structure activities and turbulent events. A turbulent event may be defined as a series of turbulent fluctuations that contain more energy than the average turbulent fluctuations within a studied data section. These turbulent events, often associated with coherent flow structures such as eddies and bursting [15, 25] , play a major role in terms of sediment scour, transport and accretion as well as contaminant mixing and dispersion ( [5, 19, 20] ). Bursting is the quasi-cyclic turbulent energy production in turbulent boundary layers first identified by [15] . There have been many progresses in their physical description in laboratory and in the field. Turbulent event analyses were successfully applied to laboratory open channel flows [17, 19] , wind tunnel studies [21] and atmospheric boundary layer flows [10, 18] . They were however rarely applied to unsteady open channel flows and estuaries.
To date, turbulence studies in natural estuaries have been hampered by a lack of fundamental understanding of the turbulence structure. Past measurements were conducted typically for short-periods, or in bursts, sometimes at low-frequency: e.g. [12, 14, 28, 35] . While a few recent studies attempted to gain some information on the characteristics of fine-scale turbulence (e.g. [24, 32, 34] ), the predictions of turbulent mixing and sediment transport in estuaries can rarely be estimated without exhaustive field data for calibration and validation.
In the present study, it is shown that a turbulent flux event analysis may be successfully applied to a natural estuarine system. A field investigation was conducted in a small estuary in Eastern Australia and the turbulent velocities were recorded continuously and simultaneously at high frequency for 50 h at three sampling locations. The data analysis results, and the variations with time of the turbulent event characteristics, are discussed and compared with atmospheric boundary layer data.
Field investigation and instrumentation
A series of detailed turbulence field measurements were conducted in an estuary of Eastern Australia with a semi-diurnal tidal regime ( Table 1 ). The estuarine zone was 3.8 km long, about 1 to 2 m deep mid-stream (Fig. 1a) . The estuary was a narrow, elongated and meandering channel, with a cross-section which deepens and widens towards the mouth, and surrounded by extensive mud flats [6] . Figure 1b includes a surveyed cross-section of the sampling site located mi-estuary, in which the vertical elevations are related to the Australian Height Datum (AHD). Figure 1c presents a view of the estuary channel immediately upstream of the sampling site during the early flood tide. Figure 1d shows the probe holding structure at low tide. Table 1 summarises the tidal conditions including the start and end sampling times. Further details on the field investigation were reported in [33] .
Turbulent velocities were measured with three acoustic Doppler velocimeters Sontek microADV (16 MHz) located about 10 m from the left bank. Table 2 gives the detailed characteristics of each instrument which was given a four symbol code (e.g. ADV1) used herein to refer to that instrument. Figure 1b shows the location of their sampling volumes in the surveyed experimental cross-section. The velocity measurements were performed continuously at relatively high frequency (50 Hz) for 50 h (Table 1 ). All the ADV units were synchronised carefully within 20 ms for the entire duration of the study. Note that the ADV2 and ADV3 units were equipped with a 3 component head, while the ADV1 unit had a two component Table 2 ). The acoustic backscatter intensity of each ADV signal was also analysed. The backscatter intensity is a function of the ADV signal amplitude that is proportional to the number of particles within the sampling volume:
0.043Ampl (1) where the backscatter intensity I b is dimensionless and the average amplitude Ampl is in counts. (The coefficient 10 −5 is a value introduced to avoid large values of backscatter intensity.) The backscatter intensity may be used as a proxy for the instantaneous suspended sediment concentration (SSC) because of the strong relationship between I b and SSC [8, 11, 30] . Further the term V x I b is proportional to the suspended sediment flux per unit area. A thorough post-processing technique was developed and applied to remove electronic noise, physical disturbances and Doppler effects [7, 9] . The field experience demonstrated that the gross ADV signals were unsuitable, and led often to inaccurate time-averaged flow properties. Herein only post-processed data are discussed. Note that the signal processing did not affect the frequency response of the ADVs.
The post-processed data sets included the three instantaneous velocity components V x , V y and V z , and the backscatter intensity I b , where x is the longitudinal direction positive downstream, y is the transverse direction positive towards the left bank and z is the vertical direction positive upwards. The turbulent fluctuations were defined as : v = V − V and i b = I b − I b , where V was the instantaneous (measured) velocity component, V was the variable-interval time average (VITA) velocity and I b is the VITA backscatter intensity. A cut-off frequency was selected with an averaging time greater than the characteristic period of fluctuations, and smaller than the characteristic period for the time-evolution of the mean properties. The selection of the cut-off frequency was derived from a sensitivity analysis [7, 34] . Herein all turbulence data, including the turbulent flux events, were processed using samples that contain 10,000 data points (200 s). The turbulence statistics were calculated every 10 s along the entire data sets, although they were not evaluated when more 20% of the 10,000 data points were corrupted/repaired during the ADV data post-processing. 
Turbulent event detection technique
The detection of turbulence bursting events was based upon the technique of Narasimha et al. [18] that was adapted and extended. While this approach differs from more traditional event detection techniques (e.g. [2, 13, 21] ), it was found herein to be a robust method well-suited to the study of the unsteady estuary flow. A turbulent event is basically defined as a series of turbulent fluctuations that contain more energy than the average turbulent fluctuations within a studied data section. The method detects bursting events within a data section by comparing the absolute value of an instantaneous turbulent flux q (e.g. q = v x v z ) with the standard deviation q of that flux over the data section. That is, a turbulent event occurs if:
where |q| is the absolute value of the instantaneous flux q, k is a positive constant setting the threshold and q is the standard deviation of the quantity q over the data section. Narasimha et al. [18] conducted a sensitivity analysis on the positive multiplier threshold (k). Using data from three different sites, they showed that the total contribution from the events to the total flux remained roughly constant and stays close to 100% for threshold values k ≤ 1. The threshold value leading to the identification of the smallest number of events that account for all the flux yielded k = 1. A similar analysis was conducted herein using 200 s long data sections. The present results yielded good quality results for k ≤ 0.25 to 0.75. Herein, k = 1 was selected to assist with the comparison between estuarine and atmospheric boundary layer data (see below), and consecutive data sections of 10,000 data points (200 s) were used. For a data section, the information of each detected event was summarised including the event start/finish times, duration τ , dimensionless flux amplitude A and relative magnitude m. The event properties were used to compare individual turbulent events within a data set and between synchronised data sets collected simultaneously. Figure 2a introduces the definition of the duration and amplitude of an isolated event. The duration τ of the event is the time interval between the "zeroes" in momentum flux (e.g. q = v x v z ) nearest to the sequence of data points satisfying Eq. 2. Practically, the event duration is calculated from the first data point with the same sign as the event to the first data point after the change in sign in momentum flux. The present method provides an accurate estimate of the event duration τ within the limitations of the sampling frequency. The dimensionless amplitude A of an event is the ratio of the averaged flux amplitude during the event to the long-term mean flux of the entire data section:
where q is the averaged value of q over the data section and dt = 1/f scan (f scan = 50 Hz). The relative contribution of an event to the total momentum flux of the data section is called the relative magnitude m defined as:
where T is the total duration of the data section (T = 200 s herein). This technique was applied to the momentum fluxes v x v y and v x v z , and to the "pseudo" suspended sediment flux v x i b , where i b is the instantaneous fluctuation in the ADV backscatter intensity. The turbulent event properties may be presented as a time-series of the dimensionless flux amplitude. Such a presentation shows the duration and dimensionless amplitude of each event in a simplified format (e.g. Fig. 3 ). Figure 3 presents the dimensionless event amplitude of v x v z from some data set of the ADV2 and ADV3 units as a function of time for a 10 s sample near the beginning of the study (early flood tide). It is seen that the time series includes both positive and negative amplitude events, each event corresponding to a rectangular pulse. The pulse width is the duration τ and the height is the amplitude A, while the area beneath is proportional to the event magnitude m. 
Sub-event analysis
The above method was extended to investigate turbulent sub-events within a large event. For example, in Fig. 2a , the turbulent event is characterised by three distinct peaks in momentum flux and the entire event may be represented as a succession of three consecutive "turbulent sub-events". The second sub-event is sketched in Fig. 2b . Herein a turbulent sub-event was defined when the instantaneous momentum flux within the main turbulent event was greater than the momentum flux threshold (Eq. 2) of the data section. In Fig. 2b , the definition of duration and amplitude of the sub-event are included.
For each sub-event, its start/finish times, duration, dimensionless flux amplitude and relative magnitude were calculated within a given event. The duration of a sub-event is that time interval during which the momentum flux was equal to or greater than the threshold value. For each sub-event, the dimensionless sub-event amplitude is the ratio of the averaged sub-event amplitude to the sub-event duration to the mean flux over the data section. The sub-event properties were calculated for consecutive data sections containing 10,000 data points (200 s) along each data set with the same technique used to analyse turbulence events, including the number of sub-events that occurred in each individual event. 
General observations
The field study was conducted on the 6 to 8 June 2007 about mid-estuary ( Fig. 1 ). Figure 1b illustrates the channel cross-section with the respective high and low water levels, and the transverse location of the acoustic Doppler velocimetry (ADV) systems. Although the tides are semi-diurnal, the tidal cycles have slightly different periods and amplitudes indicating that a diurnal inequality exists (Fig. 4 ). For the entire study, the relative elevation of the sampling volume z/d ranged from 0.15 to 0.53 (average 0.24) for the ADV2 and ADV3 units, where z is the sampling volume elevation above the bed and d is the flow depth. Thus the data were collected in the outer flow region (z/d > 0.1) and the data scaling is based upon the outer flow properties. The time-averaged longitudinal velocity data highlighted the largest ebb and flood velocities occurring around the low tide. For the ADV2 unit (z = 0.38 m), Fig. 4 shows the time-averaged longitudinal velocity V x and the water depth as functions of time, where V x is positive downstream. The low-pass filtered trend is also included. All the velocity data showed multiple flow reversals around high tides, as well as long-period oscillations. Similar phenomena were observed previously under neap tide conditions at Eprapah Creek [4, 32, 34] . The multiple flow reversals and low-frequency velocity oscillations had periods between 40 min and 1.5 h, and they were caused by some external resonance in Moreton Bay [34] . Moreton Bay is separated from the Pacific Ocean by three large sand islands. It is approximately 30 km wide North of the Brisbane River and narrows to about 12 km wide near Eprapah Creek, with a mean depth of approximately 5 m, and the dominant resonance periods range from 2,500 s (42 min) to 14,700 s (4 h). The low-pass filtered velocity data showed a slack period (V x ≈ 0) at low tide and slightly after high tide (Fig. 4) . Although there was no lag between low water (LW) and low water slack (LWS), the time lag between high water (HW) and high water slack (HWS) was about 72 min in average during the study. Such a result is common in convergent estuaries like Eprapah Creek [16, 27] , and the difference between LW and HW time lags reflects the large changes in channel cross-sectional area with the water elevation (e.g. Fig. 1b) .
The turbulent intensities were large throughout the study. For example, Fig. 5 presents the longitudinal turbulent intensity v x /V x for the ADV2 unit located 0.38 m above the bed. At that elevation, the median turbulent intensity was v x /V x = 0.187. During the field study, the standard deviations of all velocity components and for all units were larger than laboratory data, but a key feature of the natural estuary flow was the significant three-dimensional effects associated with strong secondary currents.
The turbulent Reynolds stresses were calculated for all ADV units [33] . The results showed highly variable near-bed turbulent stresses. Further the Reynolds stress magnitudes varied directly with the magnitude of the longitudinal velocity. They were the largest during the flood tide and during the multiple flow reversals at high tides. For the entire field study, the median tangential Reynolds stresses ρv x v z and ρv x v y were respectively 0.02 and 0.028 Pa. The present findings were consistent with earlier studies in estuaries (e.g. [29, 34] ).
Turbulent events and sub-events

Presentation
Traditionally, the Reynolds stress tensor has been used as a descriptor/proxy of the turbulence structure. But a complete characterisation of turbulence encompasses (a) the spatial distribution of Reynolds stresses, and also (b) the rates at which the individual Reynolds stresses are produced, destroyed or transported from one point in space to another, (c) the contribution of different sizes of eddy to the Reynolds stresses, and (d) the contribution of different sizes of eddy to the rates mentioned in (b) and to rate at which Reynolds stresses are transferred from one range of eddy size to another ( [3] ). It is argued herein that a turbulent event analysis is a simpler approach, as demonstrated by seminal turbulence studies including [1, 2, 13, 17, 19] and [21] . Turbulent events and sub-events were investigated for the turbulent fluxes v x v z , v x v y , and v x i b , using the data collected by the ADV1, ADV2 and ADV3 units. Table 3 summarises the number of events and sub-events detected in the ADV data sets collected for the entire study. For the whole data set, the histograms of event duration, event amplitude, sub-event duration and sub-event amplitude were calculated. Figure 6 shows the normalised probability density functions of event duration τ for the momentum fluxes v x v z , v x v y , and v x i b , while Fig. 7 Event duration (s) Tables 4 and 5 . During the field study, the majority of turbulent events had a duration between 0.08 < τ < 0.3 s (0.2 s on average) for all momentum fluxes (Fig. 6) . The probability distributions functions of event durations presented a skewed shape (Fig. 6 ) in qualitative agreement with turbulent boundary layer measurements [1] and dye concentration measurements in open channel [23] . On average, the dimensionless event duration was about τ |V [23] .
The distributions of event amplitude included the information on the type of event: positive or negative (Fig. 7) . For a steady ebb tide flow (V x > 0), ejections and sweeps (quadrant Q2 or Q4) would correspond to a negative event amplitude for the momentum flux q = v x v z , while a positive amplitude implied a wallward or outward interaction (quadrant Q1 or Q3). For an unsteady estuary flow, the physical interpretation of an event type was more complicated because of the changes in flow direction and in sign of time-averaged flux over a data section (see below). The data presented a similar shape for the fluxes v x v z and v x v y (Fig. 7) . For the entire study and all fluxes, the median amplitude modulus was between 3 ≤ |A| ≤ 14. For each turbulent flux, the event amplitude distribution tended to indicate a larger proportion of positive events than of negative events for all ADV units. Next to a boundary, the turbulent bursting process is composed of a quasi-periodic cycle of ejections and sweep motions (e.g. [19, 22] ). The present data sets suggested comparatively a large number of negative events than of positive events. However, for all the fluxes, the positive events ( A > 0) were on average longer and of smaller amplitude than the negative events, with a similar event magnitude overall (Table 4) . Table 4 summarises the median values of number of events per sample, event duration, dimensionless event amplitude, and relative event magnitude for each ADV unit. Although there were some differences between the three velocimeters (Tables 4 and 5 ), the statistical results were relatively close and tended to show little effect of the sampling volume location.
Turbulence event statistics
The turbulent event statistics were collected over a 200 s sample (10,000 data points) every 10 s along the entire ADV data sets. The event statistics were sampled in a similar fashion to all turbulence properties, thereby allowing for observations of any tidal trend. Figure 8 presents the time-variation of the number of events per sample, the median event duration and the median event amplitude for the momentum flux v x v z of the ADV2 unit.
For the entire study, there were on average n = 1 to 4 turbulent events per seconds for all the fluxes (Table 4) , and the result was close for all ADV units. The dimensionless event rate n d/|V x | ranged from 22 to 88, somehow larger than earlier laboratory data n d/|V x | = 1.8 to 8 obtained with different instrumentations and event detection techniques [13, 15, 25] . For all momentum fluxes and all ADV units, the number of events per sample varied in a similar pattern with the tides (Fig. 8a) . The turbulent event rate n increased about low tide when the water column was shallower, the effects of bed shear stress were stronger and the depthaveraged velocity gradient was the largest. Conversely, the event rate decreased about high tide. The event duration for the momentum fluxes v x v z and v x v y seemed to vary with the tides for all the ADV systems (Fig. 8b) , while the pseudo suspended sediment flux event duration data v x i b showed no discernable tidal pattern. In Fig. 8b , the event duration of v x v z for the ADV2 unit was the largest about the high tides and smallest about the low tides. A similar tidal pattern was observed for the event durations of v x v z with the ADV3 unit, and for event duration of v x v y for all ADV units. Figure 8c shows that the event amplitude of v x v z for the ADV2 unit varied with the tides, with the magnitude of event amplitude being larger about low water and smaller about high water. No discernable tidal patterns in terms of event amplitude of v x v y and v x i b fluxes were observed for all ADV units.
Turbulence sub-event statistics
Turbulent sub-events were investigated in terms of the fluxes v x v z , v x v y and v x i b , using the data collected by the three ADV units. Table 6 summarises the median values of the number of sub-events per sample, the sub-event duration, dimensionless sub-event amplitude, and the relative sub-event magnitude. The median sub-event duration was 0.04 s for all fluxes and ADV units, implying that most sub-events had a short life span. The sub-event amplitudes for the fluxes v x v z and v x v y were typically between 2.8 and 6.4. For comparison, the sub-event amplitudes for the suspended sediment flux v x i b were larger, between 11 and 16 ( Table 6 ).
The present data highlighted first that the definition of a large turbulent event is not straightforward. A large turbulent burst may in fact be the cumulative effect of smaller events, called sub-events (Fig. 2) . Herein the sub-events were major episodes of amplitude comparable to (Tables 4 and 6 ). Their existence may derive from the vortex pairing of large-scale bursts produced in the inner region of the flow, close to the bed, and advected into the outer flow region where the measurements were taken, as proposed by [1] . Figure 9 illustrates the time-variation of the number of sub-events per data sample (T = 200 s) for the momentum flux v x v z at z = 0.38 m. For all fluxes and all ADV units, the number of sub-events per sample varied in a similar fashion with the tides (Fig. 9) . That is, it increased about low tide and decreased about high tide. Basically the number of turbulent sub-events per sample increased about low tide when the water column was shallower because of the stronger influence of bed shear stress on the water column. Altogether the time-variation of the number of sub-events per sample exhibited a similar tidal pattern to that of the number of events per sample (Fig. 8a) .
For the entire field study, the events durations showed no obvious tidal trend while, for the sub-event amplitude, only those of the momentum flux v x v z seemed to vary with the tide. Herein the sub-event amplitude of the flux v x v z showed a similar tidal trend to that of the event amplitude for v x v z , being largest about low tide and smallest about high tide. On average over the entire study, the results showed 1 to 3 sub-events per turbulent event and the finding was independent of the tidal period (Table 3 ).
Discussion
Comparison between estuarine and atmospheric boundary layer data
The present findings in an estuary may be compared with the field data of [26] in an atmospheric boundary layer, re-analysed by [18] . That study was based upon data collected at Jodhpur with an acoustic anemometer located at 4 m above the ground. Table 7 compares the sampling techniques and conditions. The comparative results are presented herein in terms of the momentum flux events for v x v z and the basic results are summarised in Table 8 .
The results (Table 8) showed that the durations of the events were of the order of 0.11 and 1.4 s respectively for the estuary and atmospheric studies, compared to an outer time scale of the order of 15 and 30 s respectively. In the present study, the outer time scale was based upon the measured water depth and the velocity magnitude recorded at z = 0.38 m since there was no velocity meter closer to the free-surface. Hence the outer time scale estimate was a very rough average and could vary over a wide range from as low as 3 to over 100 s. Overall the differences between turbulent event durations and outer time scales were comparable for both environmental flow studies. The burstiness index (B) was calculated using the same method as [18] (Table8). The burstiness index ranges from 0 to 1 and characterises a fractional contribution of the bursting events. In an estuary, the present results gave B = 0.85 compared to B = 0.72 in atmospheric boundary layers. This suggested a greater contribution of the turbulent events in terms of the momentum flux v x v z in the estuary, possibly caused by the secondary flow motion in the confined river channel. Figures 6a, 7a and 10 present the dimensionless probability density functions (PDFs) of the momentum flux v x v z for the entire field study. The results may be compared with the corresponding data of ( [18] , Fig. 6 ), although the results of Narasimha et al. corresponded a much shorter data set (10 min). The PDF of event duration tended to follow a log-normal distribution for both studies (Fig. 6a) . While a log-normal PDF implies that the process is the multiplicative product of a large number of independent, identically-distributed variables, the implications in terms of turbulent event duration remain unclear. But the PDF of event magnitude presented some marked difference with the atmospheric flow results of [18] , with a much narrower event magnitude distribution, as well as a different PDF shape, in the present data set (Fig. 10) .
The data suggested nil correlation between a turbulent event amplitude and its duration. This is illustrated in Fig. 11 presenting the relationship between turbulent event amplitude A and event duration τ . Figure 11a shows A as function of τ and it may be compared with Fig. 7 of [18] . Figure 11b presents the variations in standard deviations and skewness of |A| with τ , for the data plotted in Fig. 11a . The present data illustrated negligible correlation between the event amplitude and the event duration, and the fluctuations in |A| were independent of the the event duration. The finding was found independently of the tidal phase. Simply, there were a wide range of event amplitudes for any given event duration (Fig. 11b) , and conversely. The finding was valid for both geophysical studies ( Table 7 ) and implied that the size of an event and its duration may be considered as two independent parameters.
For all fluxes and ADV units, the PDFs of the number of turbulent sub-events per burst events were skewed with a very large proportion of events having between 1 and 2 sub-events. The PDFs had however a long tail of small numbers of turbulent events with large numbers of sub-events. This is illustrated in Fig. 12 presenting the normalised PDF for the number of sub-events per events for all fluxes at z = 0.38 m For the momentum flux v x v z , the average number of sub-events per event was 1.21 for that data set, and the maximum number of The concept of positive and negative turbulent events was originally based upon the sign of the amplitude A. Considering a quasi-steady flow (V x > 0), for the momentum flux q = v x v z , the ejections (v x < 0, v z > 0) and sweeps (v x > 0, v z < 0) were associated with a negative event amplitude, while a positive amplitude implied a wallward or outward interaction. The definition (Eq. 3) was developed for quasi-stationary boundary layer flows and applied to data sets with positive longitudinal velocity (V x > 0) and constant sign time-averaged fluxes (q) by [18] .
In estuaries, however, the flow direction changed several times during a complete tidal cycle (e.g. Fig. 4 ) and similarly the sign of time-averaged fluxes. Furthermore, during some data sections (T = 200 s), the time-averaged flux term (q) might be negligible, close to zero, yielding meaningless physical interpretation of the amplitude sign. In other words, the interpretation of Eq. 3 has some limitations in unsteady geophysical flows.
A modification of Eq. 3 was tested:
using the absolute value of flux data section average (|q|). The impact of the event amplitude definition (Eq. 5 was tested over the entire data sets. The comparative results demonstrated conclusively that the definition of event amplitude had a major impact on the results. Typical results are presented in Fig. 13 in terms of the event magnitude for the momentum flux q = v x v z . Figure 13a is comparable to Fig. 7a , while Fig. 13b may be compared to Fig. 11a (also Fig. 7 in [18] ). In complex geophysical flows, including estuarine hydrodynamics, a newer event amplitude definition must be introduced to take into account the physical processes. While Eq. 5 Effects of the turbulent event amplitude definition on the event amplitude data: application of Eq. 5 to estuarine data. a Normalised probability density functions of dimensionless event amplitude for the momentum fluxes v x v z using Eq. 5-data collected by the ADV2 and ADV3 units-event amplitude histogram interval = 1; b Event amplitude A as a function of the event duration τ for the momentum flux v x v z using Eq. 5-data collected by the ADV2 unit (z = 0.38 m) for the entire study might be simplistic, it could be more appropriate in these flows than Eq. 3 developed for quasi-stationary boundary layer flows.
Conclusion
Detailed turbulence field measurements were conducted in a small subtropical estuary with semi-diurnal tides under neap tide conditions. Acoustic Doppler velocimetry was used at fixed locations, and sampled continuously for 50 h. A turbulent flux event analysis was performed for the entire data sets. While the Reynolds stresses were used to describe the turbulence structure in past estuarine studies, it is proposed herein that a turbulent event analysis is a simpler approach, as demonstrated by seminal turbulence studies ( [1, 13] ). Following the technique of [18] , turbulent bursting events were defined in terms of the instantaneous turbulent flux. The method was extended to the unsteady estuarine flow motion, and it included some sub-event analyses and some pseudo-sediment flux event calculations. The turbulent event data showed close results between all three ADV units and all fluxes. The very-large majority of turbulent events had a duration between 0.04 and 0.3 s, and there were on average 1 to 4 turbulent events per second. A number of turbulent bursting event consisted of consecutive turbulent sub-events, with between 1 and 3 sub-events per event on average for all turbulent fluxes. For all ADV systems, the number of events, event duration and event amplitude showed some tidal trends, with key differences between high-and low-water periods.
A comparison between the present estuary data and the atmospheric boundary layer results of [18] illustrated a number of similarities between the two turbulent flows. Both studies implied that the amplitude of an event and its duration were nearly two independent parameters. The data analyses demonstrated the significance of turbulent events in environmental flows, documented their characteristics in an unsteady estuarine channel and showed the complex nature of bursting events consisting of consecutive sub-events. Altogether the present work suggested that the turbulent event analysis is a relatively simple approach and it provides some details into the turbulent bursts that are responsible for major mixing and sedimentary processes. The detailed field measurements highlighted also the large fluctuations in all turbulence characteristics during the tidal cycle.
